Ant diversity is influenced by the structural complexity of the environment. Ants are thus an ecologically important group due to their potential to serve as indicators of environmental quality. The objective of this study was to evaluate ant diversity in areas with different land use histories and thus, within different stages of regeneration in the Permanent Preservation Area of the Foz do Chapecó Hydroelectric Plant reservoir. Ant assemblies among sample sites were compared using rarefaction analysis, and estimated richness, frequency of occurrence, and relative abundance were calculated. Associations between species and sample sites were evaluated using Principal Component Analysis (PCA). We identified 55 species in total from 24 genera, distributed among seven subfamilies. Eight species had positive associations with sample sites. Estimates indicated that ant richness may be up to 21.4% greater than that observed. This study presents an inventory of species capable of colonizing environments undergoing natural regeneration processes, and aids our understanding of ecological recovery dynamics in protected areas near hydroelectric plant reservoirs southern Brazil.
INTRODUCTION
Brazil is among the locations with the highest global biological diversity. It boasts a unique natural heritage expressed through various endemic biomes (Marques and Lamas 2006) , including the Brazilian Atlantic forest (Galindo-Leal and Câmara 2003) . Anthropogenic activities such as conversion of natural environments for agricultural purposes, raising of livestock, industrial facilities, and energy production, and urbanization generate environmental impacts that lead to biodiversity losses (Madeira et al. 2009 , Gardner 2010 , Diamond 2012 and represent one of the important threats to the remnants of the Atlantic Forest (Galindo-Leal and Câmara 2003) . JUNIR A. LUTINSKI et al. Forty-eight hydroelectric plants (HPs) and 146 small hydroelectric plants (SHPs) are currently in operation across the southern region of Brazil (Aneel 2016) . Hydroelectric dams represent a lower impact alternative in the energy matrix compared to fossil fuel power plants (Kliemann and Dalariva 2015) . However, the construction of dams necessarily suppresses vegetation and displaces species, causing soil turnover and compaction, culminating with the formation of the lake (Barbosa Filho 2013, Kliemann and Dalariva 2015) . These environmental alterations translate into habitat loss, species displacement, local microclimatic changes, and a restructuring of the ecosystem adjacent to the lake formation. These adjacent ecosystems are thus protected and designated as Permanent Preservation Areas (PPAs) in accordance with the Brazilian forest code (Brazil 2012) .
PPAs play an important role in river basin management, as protection of these areas contributes to the stability of hydrological and biogeochemical cycles as well as the maintenance of ecological equilibrium (Tundisi and Tundisi 2010) . PPAs are considered to be determinants of biodiversity conservation (Bensusan 2006) , and together with the remaining forest fragments, they ensure favorable conditions for the establishment and maintenance of flora and fauna (Gibson et al. 2011 , Ulyshen 2011 . Considering the growing number of hydroelectric plants in the southern region in the last two decades and the ongoing fragmentation of Atlantic forest (i.e., a biome with high endemism), there is a strong need to understand regeneration dynamics in PPAs adjacent to hydroelectric dams and the potential of these areas for conservation of biodiversity.
Ants (Hymenoptera: Formicidae) comprise a highly functional and specialized taxon (Hölldobler and Wilson 1990, Petters et al. 2011) and are an important component of terrestrial ecosystems, constituting a large part of total animal biomass (Nayana et al. 2016) . They are reliable indicators of ecological change (Andersen and Majer 2004) and conservation status (Majer 1983 , Andersen 1997 , King et al. 1998 , Silva and Brandão 1999 , Alonso 2000 , Ilha et al. 2009 ). They have potential to serve as bioindicators due to intimate associations with plant flora, providing estimation of the degree of environmental preservation (Lutinski et al. 2014 (Lutinski et al. , 2016 and habitat structural complexity (Fowler et al. 1991 , Perfecto and Vandermeer 2002 , Armbrecht et al. 2004 . Ant communities are affected by vegetation regeneration processes (Ribas et al. 2012) , where the intensity of environmental degradation or alteration can produce various responses, benefitting some species and harming others (Hölldobler and Wilson 1990) .
Ant biodiversity is significant in terrestrial ecosystems (Hölldobler and Wilson 1990) , and is sensitive to anthropogenic impacts and associated biotic and abiotic factors, which can determine species richness and influence species distributions (Pereira et al. 2007 , Lutinski et al. 2014 , Nayana et al. 2016 . Ants are useful for assessing the animal biodiversity responses to forest restoration (Neves et al. 2010 , Wetterer 2012 , and PPAs may serve are important tools for assessing the process of environmental restoration and the rebuilding of biological communities.
Although the ant fauna of the southern Atlantic forest biome is well described (Silva and Silvestre 2004 , Lutinski et al. 2008 , 2014 , Maciel et al. 2011 , Ulysséa et al. 2011 , studies of ants associated with PPAs near hydroelectric dams are still needed, particularly concerning the potential role of these insects as bioindicators in the postconstruction period. Previous studies in this region found rich ant assemblages in a diverse array of environments (Lutinski and Garcia 2005 , Iop et al. 2009 , Lutinski et al. 2008 ). The Foz de Chapecó is one of the largest HPPs in southern Brazil, and evaluation of ant communities in the adjacent PPA may inform our understanding of species richness and distributions over large areas of Santa Catarina Índios municipality (27°17'38" S, 52°44'58" W and 27°20'41" S, 52°43'51" W).
The first site in Guatambu (GUA) consists of eucalyptus plantation (Eucalyptus spp.) aged approximately 10 years. At the time of hydroelectric dam lake formation, vegetation in the PPA was not suppressed. A sub-forest is currently forming, composed of native vegetation and with a height of up to five meters. The area has no observed litter formation, and is segmented by several trails that are used by fishermen and tourists. The second site in Caxambu do Sul (CXS) includes an agricultural (crop) area that was isolated with wire fence and allowed to regenerate after lake formation. The native vegetation is composed mostly of sparse grasses and shrubs up to five meters in height. The area is divided by an old road providing access to lake vacationers. The third site in Rio dos Índios (RI1) is pasture area that, like site two, was isolated and allowed to regenerate. The environment currently consists of sparse adult trees that existed before lake formation, as well as grasses and small shrubs. The forth site, also in Rio dos Índios (RI2), is in advanced stages of regeneration, and is covered by dense vegetation approximately 20 years in age. The ground has well-formed litter cover, and the forest fragment was included in the PPA after formation of the reservoir.
ANT COLLECTION Three, 100 m linear transects were established in each sample site for ant collection. Pitfall traps were established along one transect, consisting of 250 ml plastic cups (10 cm diam. x 12 cm height) buried in the soil with the opening at ground level, with a distance of 10 m between traps. The traps contained 150 ml of water and one drop of detergent to break surface tension. The second transect contained sardine bait (~ 1 g), and the third transect contained glucose bait (~ 1 mL). Baits were arranged on 20 × 30 cm paper rectangles and placed on the ground and Rio Grande do Sul, serving as a basis for subsequent studies. A better understanding of ant species richness and composition in this area is also essential for PPA management and consolidation, and may provide additional information to bolster conservation plans.
The objective of this study was a) to characterize ant assemblies in the Foz do Chapecó hydroelectric dam PPA, characterizing species richness, abundance, and composition; and b) to evaluate species richness and associations of PPA environments with different land use histories prior to lake formation.
MATERIALS AND METHODS

STUDY AREA
The field work was conducted in January 2016 in the permanent preservation area (PPA) of the Foz do Chapecó hydroelectric dam reservoir, a border area between the states of Santa Catarina and Rio Grande do Sul. The region is part of the Atlantic forest biome (Mixed Ombrophilous forest), and the climate is subtropical super-humid mesothermic, with no defined dry season, frequent frosts, and even distribution of rainfall throughout the year (Inmet 2009).
The Foz do Chapecó hydroelectric power plants (HPP) reservoir has an area of 79.2 km 2 and an installed capacity of 855 mw. The area extends to the municipalities of Águas de Chapecó, Caxambú do Sul, Guatambu, Chapecó, Paial, and Itá in Santa Catarina, and Rio dos Índios, Nonoai, Faxinalzinho, Erval Grande, and Itatiba do Sul in Rio Grande do Sul (Foz do Chapecó 2015) . The reservoir was formed in 2010, and sampling of the PPA took place five years later. Ants were collected in four sites with an area of two hectares each. Two sites were sampled in Santa Catarina: Guatambu (27°14'59" S, 52°41'06" W) and Caxambu do Sul (27°15'35" S, 52°42'40" W); and two sites were sampled in Rio Grande do Sul, both in the Rio dos 10 m apart. Pitfalls remained in the field for 48 hours prior to collection, while baits remained in the field for one hour (Lutinski et al. 2013) .
Specimens were stored in bottles containing 70% ethanol and transported to the Entomology Laboratory at the Universidade Comunitária da Região de Chapecó (Unochapecó) for sorting and identification.
SPECIES IDENTIFICATION
Ant species identification was based on taxonomic keys by Gonçalves (1961) , Kempf (1964 Kempf ( , 1965 , Watkins (1976) , Della Lucia (1993), Lattke (1995) , Taber (1998 ), Fernández (2003 , Longino (2003) , Wilson (2003) , Longino and Fernández (2007) , and Wild (2007) . Specimens were also compared with those deposited in the Entomological Collection at Unochapecó. Classification was based on Bolton (2003), and nomenclature was validated using the website antbase.org on November 2, 2016.
DATA ANALYSIS
Richness was defined as the number of species in a single sample. Frequency of occurrence (capture) per sample site was used as a proxy for abundance. This method minimizes the effects of differences in foraging habits and colony size, and is thus more appropriate for studies of ant assemblages (Romero and Jaffe 1989). Richness for each ant assemblage was compared by rarefaction analyses without occurrence data (Gotelli and Colwell 2001) . Analyses were carried out in EcoSim 7 (Gotelli and Entsminger 2001) , which allows richness comparisons among ant assemblages that differ in species occurrence (Melo et al. 2003) .
We also obtained a general estimate of richness for the hydroelectric dam PPA, and compared this value with observed richness using a nonparametric estimator (Chao 1) in EstimatesS 8.0 (Colwell 2006) . This estimator essentially uses information about species that only occur in one sample (unicates) and those that occur in two samples (duplicates) (Chao 1987) .
We ran a Principal Component Analysis (PCA) in the Past statistical program (Hammer et al. 2001) to test for associations between ant species and environment (site). Thirty species were excluded from the PCA due to low occurrence (≤ 2). The data were log (x + 1) transformed prior to analyses.
The study was authorized by the Chico Mendes Institute for Conservation of Biodiversity (ICMBio) by issue of an "authorization for scientific activities" permit (n° 50739-1; 11/30/2015).
RESULTS
We collected 313 ants in total, including 55 species across 24 genera and seven subfamilies. The GUA site ant assemblage had the highest richness (S = 27), followed by RI1 (S = 26) and RI2 (S = 21). Myrmicinae (S = 27), Formicinae (S = 11) and Ponerinae (S = 6) were the subfamilies with the highest richness. The genera with highest species richness were Pheidole (S = 11), Camponotus (S = 5), and Linepithema (S = 5). Only eight species occurred in all sample sites: Camponotus (Myrmothrix) rufipes (Fabricius, 1775), Odontomachus chelifer (Latreille, 1802), Pachycondyla striata F. Smith, 1858, Pheidole pubiventris Mayr, 1887, Pheidole risii Forel, 1892, Pheidole dyctiota Kempf, 1972, Pheidole punctatissima Mayr, 1870, and Solenopsis sp. The GUA ant assemblage had the highest number of exclusive species (S = 10), followed by RI1 (S = 9), RI2 (S = 8), and CXS (S = 4) (Table SISupplementary Material).
The Myrmicinae subfamily had the greatest richness, with 27 species in total, 21 in the Rio Grande do Sul sites (RS) and 16 species in the Santa Catarina sites (SC). Formicinae was the secondrichest subfamily with eleven species in total, eight in RS and 10 in SC. The most common species were P. dyctiota (GUA: 12%, CXS: 18%, RI1: 8%, RI2: 8%), P. rissi (GUA: 23%, CXS: 15%, RI1: 3%, RI2: 20%) and P. striata (GUA: 13%, CXS: 14%, RI1: 8%, RI2: 7%) ( Table SI) .
The difference between observed richness (S obs ) and estimated richness (Chao1) was 21.4%. There was a tendency towards increased richness from supplementary samples as accumulation curves did not reach asymptote (Figure 1) . The GUA, RI1, and RI2 sites did not differ in species richness according the rarefaction analysis, and the CXS site had lower richness than the others ( Figure  2 ). Among the sampled sites, 82.9% of the variation in ant occurrence was explained by components 1 and 2 from the PCA. Six species showed a positive association with GUA, CXS and RI2: O. chelifer, P. striata, P. dyctiota, P. pubiventris, P. risii, and Solenopsis sp. Two species were positively associated with RI1: C. rufipes and Pheidole sp. 1. Other species showed no associations with sample site (Figure 3 ).
DISCUSSION
The ant fauna found in this study generally agrees with previous surveys in the region. The 40 species sampled in Santa Catarina sites represent 19.3% of those described for the western region of the state (Ulysséa et al. 2011). The species sampled in Rio dos Índios represent 32.4% of ant fauna recorded by Cantarelli et al. (2015) for environments in the northwest region of Rio Grande do Sul. The ant assemblages sampled generally included subfamilies and genera recognized for playing important roles at various trophic levels in the ecosystem (Hölldobler and Wilson 1990) , and included taxa that are frequently found in regional studies (Lutinski and Garcia 2005 , Lutinski et al. 2008 , 2013 , Ulysséa et al. 2011 . The 21.4% difference between estimated and observed richness suggests that numbers of ant species found in these environments should increase with additional sampling effort. The eight species showing positive association with at least one of the sample sites were common species that frequently occur in different environments in this region (Ulysséa et al. 2011 , Lutinski et al. 2014 .
The subfamily Myrmecinae is dominant (i.e., in both genus and species number) in Brazilian biomes such as Atlantic forest and Cerrado. Species in this subfamily have several characteristics that account for their remarkable success, principally broad diversity in feeding and nesting habits (Hölldobler and Wilson 1990) . The predominance of Myrmicinae can also be explained by the capacity of this group to adapt to environmental change, and their ability to occupy different niches (Fowler et al. 1991) . Linepithema species are characteristic of anthropogenically altered environments, and frequently occur in diverse environments of southern Brazil (Ulysséa et al. 2011 , Lutinski et al. 2014 where they dominate the food resources and have massive recruitment (Silvestre et al. 2003) . According to Fernández (2003) , some of the most important pest or potential pest species belong to this genus, highlighting L. humile. The omnivorous habits of ants in this group and the occurrence of five species from this genus in the study environment are indicative of initial processes of ecological recovery.
Camponotus was the second-richest genus in the study. Approximately 400 species are described for this genus in the Neotropical region, among which polymorphism and omnivory are commonplace (Makay et al. 2002) . These species forage from the ground to the treetops. The use of chemical defense and mutualistic interactions with other organisms are also common occurrences (Silvestre et al. 2003) . Camponotus crassus, C. mus, and C. rufipes are widely distributed in Santa Catarina (Ulysséa et al. 2011 ) and frequently occur in anthropogenic environments (Lutinski et al. 2014) . The genus Pheidole presented the highest richness and, together with Solenopsis are described as epigeal, omnivorous, and dominant (Silvestre et al. 2003) . These genera are extremely diverse in Brazil (Baccaro et al. 2015) , with dozens of species recorded in single locations. Their wide geographic distribution and strong dispersal capability make some species locally abundant. Silvestre et al. (2003) associate these genera with nesting in the soil and formation of large colonies, having small body size, and being monomorphic or dimorphic with generalist and aggressive behavior. They are often found in anthropogenically altered environments Garcia 2005, Lutinski et al. 2014) . The PPA was only in recovery for five years at the time of the current study, thus local microclimatic changes triggered by the HPP lake formation likely still produced some degree of environmental impact on the flora and fauna; this may partially explain the richness of these dominant ant genera in the PPA sites. We found two species of leafcutter ants in the genus Acromyrmex. Ants in this genus are regionally abundant (Lutinski et al. 2008 (Lutinski et al. , 2013 , with nine species occurring in the western region of Santa Catarina (Ulysséa et al. 2011 ) and ten in Rio Grande do Sul (Loeck et al. 2003) . In this study, Acromyrmex did not occur in the Rio Grande do Sul sites. Some of the species with the greatest potential to cause economic damage are in this genus, since they are associated with environmental imbalances that lead to population imbalances, leading to increase in cutting of vegetative mass (Fernández 2003) . These are polymorphic ants that are endemic to the Neotropical region. They play an important role in soil maintenance, which they use for nest construction. They construct underground galleries, an action which plays an important role in soil aeration; droppings and decaying vegetable matter enrich the soil, primarily through means of fungal production (Silvestre et al. 2003) .
The occurrence of species in the genera Acanthognathus, Apterostigma, Cyphomyrmex, Dinoponera, Ectatomma, Gnamptogenys, Heteroponera, Hypoponera, Mycocepurus, Neoponera, Pachycondyla, Odontomachus and Strumigenys emphasizes the importance of the PPA regeneration process in the formation of litter, which these ants utilize for shelter and food (Silvestre et al. 2003) . Acanthognathus, Dinoponera, Ectatomma, Gnamptogenys, Heteroponera, Hypoponera, Neoponera, Pachycondyla, Odontomachus and Strumigenys are specialized predators that forage in the litter and on the ground. In addition to the predatory habit, ants of these genera share the habit of building their nests in fallen logs, under rocks, or in litter (Lattke 2003) . They are identified in the field by having low agility and forming small colonies, as well as by small body size and the presence of a constriction between the first and second gastral segments. They have affinity with shaded and humid environments, and prey indiscriminately upon small invertebrates. Apterostigma, Cyphomyrmex, and Mycocepurus use decaying organic matter for the cultivation of fungi that they use as food (Silvestre et al. 2003) .
Among other general characteristics of Brachymyrmex, Crematogaster, Nylanderia, Paratrechina and Wasmannia species (Silvestre et al. 2003 , Lutinski et al. 2014 , omnivorous habits may explain their occurrence in the sampled environments. Massive recruitment and diminutive size in these species (Oliveira and CamposFarinha 2005, Silvestre et al. 2003 ) may also favor dominance of food sources and high occurrence in the PPAs.
The Chao1 estimator showed that ant richness in the PPAs may be on average 21.4% larger than the observed richness. The effort required to sample all the existing specimens in a given environment can be up to 10 times higher than the original effort (Chao et al. 2009) , and considering the state of environmental recovery and sampled richness, it is highly likely that subsequent samples will expand species records in the area. The use of additional capture methods, as Winkler traps may increase the richness too. The rarefaction analysis results suggest small differences in ant richness among the four sample sites, indicating the existence of similar factors among sites that maintain the PPA ant fauna. The forest fragment site (RI2), which had a relatively longer period of conservation, did have greater richness than reforested (GUA) or pasture (RI1) sites. Only the environment formerly used for crops (CXS) had lower richness compared to other sites. This generally agrees with the results from Lutinski and Garcia (2005) highlighting the importance of ants as environmental indicators, and the potential importance of ant conservation in the PPA.
Eight ant species were positively associated with sample sites. The Neotropical genera Camponotus, Pheidole and Solenopsis are highly diverse and can be locally abundant. Silvestre et al. (2003) characterize these genera as having generalist and aggressive behavior, and by strong association with disturbed environments. The positive association of O. chelifer and P. striata with GUA, CXS, and RI2 is also interesting because these are predators of other invertebrates. These results suggest that after five years of recovery, the PPA already houses a diversity of organisms capable of maintaining these ant species.
The results indicate that increased richness and abundance of vegetation since the formation of the HPP lake has promoted changes in habitat structure, and that these changes contribute to the maintenance of diversity in ant groups known to be ecologically important at various trophic levels. This trend was also observed in studies by Lassau et al. (2005) , Lutinski et al. (2014), and Cantarelli et al. (2015) .
This study provides new information concerning ant richness and abundance over the ecological recovery process in the PPA. It presents an inventory of species that are capable of colonizing environments with different land use histories that have been isolated and allowed to undergo natural regeneration processes. Considering the diversity of ant fauna and other associated organisms in the current study, we may consider this area a model for understanding recovery dynamics in HPP lake areas in southern Brazil. These results may also serve as the basis for monitoring of ecological and community regeneration in the HPP permanent protection area.
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